Using a combination of density functional theory and anion photoelectron spectroscopy experiment, we have studied the structure and electronic properties of CuCl n − (n = 1-5) and Cu 2 Cl n − (n = 2-5) clusters. Prominent peaks in the mass spectrum of these clusters occurring at n = 2, 3, and 4 in CuCl n − and at n = 3, 4, and 5 in Cu 2 Cl n − are shown to be associated with the large electron affinities of their neutral clusters that far exceed the value of Cl. While CuCl n (n ≥ 2) clusters are conventional superhalogens with a metal atom at the core surrounded by halogen atoms, Cu 2 Cl n (n ≥ 3) clusters are also superhalogens but with (CuCl) 2 forming the core. The good agreement between our calculated and measured electron affinities and vertical detachment energies confirm not only the calculated geometries of these superhalogens but also our interpretation of their electronic structure and relative stability.
I. INTRODUCTION
Superhalogens are clusters or molecules, which are composed of a central metal atom surrounded by halogen atoms. They form when the number of halogen atoms exceeds the normal valence of the metal atom. Their electron affinities (EAs), which measure the energy gained when an electron is attached to a neutral species, are much larger than that of a halogen atom. Vertical detachment energy (VDE) which measures the energy difference between an anion and its neutral, both at the ground state geometries of the anion, have been found to reach values as high as 14 eV. 1 Barttlett and co-workers showed that PtF 6 molecules can ionize an O 2 molecule or Xe atom 2, 3 and estimated the EA of PtF 6 to be 6.8 eV. Boldyrev and Gutsev later coined the word superhalogen [4] [5] [6] and outlined conditions a system should satisfy to in order for its EA to be large. Because of the importance of negative ions in chemistry as oxidizing agents, 7 there is growing interest in the design and synthesis of new superhalogen molecules. Recently, research has also focused on the use of superhalogens as building blocks of energetic materials capable of destroying biologically active materials. 8 About a decade ago, the smallest superhalogens, MX 2 (M = Li, Na, and Cu; X = Cl, Br, and I) were studied by photoelectron spectroscopy (PES) and analyzed by ab initio calculations. 9, 10 Later, larger superhalogens MX 3 (M = Be, Mg, and Ca; X = Cl, Br, and F) (Refs. [11] [12] [13] and MX 4 (M = B and Al; X = F, Cl, and Br) (Refs. 14 and 15) have been studied. Note that the metal atoms are monovalent in MX 2 , divalent in MX 3 , and trivalent in MX 4 . Clusters with more than one metal atom such as Na x Cl x+1 (x = 1-4) (Ref. 16 ) and Mg 2 F 5 (Ref. 17 ) have also been found to be superhalogens. a) Authors to whom correspondence should be addressed. Electronic addresses: kbowen@jhu.edu; akandalam@mcneese.edu; and pjena@vcu.edu.
While most of the prior work on superhalogens has concentrated on sp metal atoms, recent studies have focused on transition and coinage metal atoms as the central core. Examples of the latter class of superhalogens include MnO 4 (Ref. 18 ), CrO 4 (Ref. 19) , and ScCl 4 (Refs. 20 and 21) whose EAs are 5.0 eV, 4.96 eV, and 6.84 eV, respectively, while the metal hexafluorides include AuF 6 , PtF 6 , (Refs. 22 and 23) second-and third-row transition metal fluorides, 24, 25 and coinage metal fluorides 26 have been reported recently. In a recent study, 26 superhalogens consisting of coinage metal atoms surrounded by F atoms, MF n (M = Cu, Ag, Au, n = 1-7) was studied systematically. For n ≥ 2, these clusters possess superhalogen properties and as many as six F atoms can be bound to a single Au atom. However, in the case of Cu, the maximum numbers of F atoms that bind atomically to the Cu is four. For example in CuF 5 cluster, two of the F atoms dimerize and then weakly bind to the CuF 3 portion of the cluster. In the case of anions, the fragmentation energy of CuF 5 − was found to be four times smaller than that of CuF 4 − cluster. Unfortunately, there are no experimental data to compare with theory since F is difficult to handle in experiments. Consequently, we carried out a combined theoretical and experimental study of the Cu m Cl n clusters (m = 1, 2; n = 1-5).
Cu usually exists in monovalent (I) and divalent (II) states and hence can easily bind up to two halogen atoms. Since it was shown earlier 26 that up to four F atoms can be bound chemically to a neutral Cu atom and CuF n clusters (n ≥ 2) are superhalogens, a natural question arises: can a single Cu atom also bind up to four Cl atoms and have large EA? Using hybrid density functional theory (DFT) based calculations we studied CuCl n clusters up to n = 5. The calculated fragmentation energies of neutral and anionic CuCl 5 clusters are very small indeed and suggest that larger CuCl n clusters (n ≥ 6) will not be energetically very stable. We will show later that this is consistent with the mass spectra of CuCl n clusters. All CuCl n clusters are stable and those with n ≥ 2 are superhalogens. Using our pulsed arc cluster ion source (PACIS) we produced Cu clusters, which were then allowed to react with Cl. We not only observed CuCl n − species up to n = 6 but also clusters composed of Cu 2 at the core. We have confined our anion PES studies to CuCl n clusters with n = 1-4. The calculated EAs and VDEs are compared with the corresponding measured values using anion PES, to verify the ground state geometries of anion and establish the superhalogen properties of these clusters. In Sec. II we provide a brief description of our theoretical and experimental procedure. The results are discussed in Sec. III and summarized in Sec. IV.
II. THEORETICAL AND EXPERIMENTAL METHODS
The ground state geometries of neutral and anionic Cu m Cl n clusters were obtained by hybrid DFT based electronic structure calculations using GAUSSIAN 03 program. 27 The hybrid density functional 28 B3LYP along with 6-311++G (3d) basis set was used for all the calculations. Different initial geometries with halogen atoms bound to the Cu atom(s) both molecularly and chemically were considered for geometry optimization to identify the ground state structures of these clusters. Different possible spin multiplicities were considered for each of the isomers to determine the preferred spin state of these clusters. The convergence for total energy and gradient were set to 10 −9 Hartree and 10 −4 Hartree/Å, respectively. The vibrational frequencies of all the clusters studied are positive and thus the structures are confirmed to belong to minima on the potential energy surface. The zero-point vibrational energy (ZPVE) is not included in the calculations of EAs or fragmentation energies.
Our experimental anion PES study is conducted by crossing a beam of mass-selected negative ions with a fixed frequency photon beam and energy analyzing the resultant photodetached electrons. The photo-detachment process is governed by the energy-conserving relationship, hν = EBE + EKE, where hν is the photon energy, EBE is the electron binding energy, and EKE is the electron kinetic energy. The main information obtained is the electronic energy spectrum of the anion's corresponding neutral at the structure of the anion. Thus, even though these experiments are performed on negative ions, their results pertain to their neutral counterparts as well.
Our apparatus has been described previously. 29 In brief, the apparatus consists of an ion source, a linear time-of-flight mass selector, a photo-detachment laser, and a magnetic bottle photoelectron spectrometer (MB-PES). The instrumental resolution of the MB-PES is 35 meV at 1 eV EKE. An ArF eximer laser (193 nm, 6.424 eV) was used to photodetach the cluster anions of interest. Photoelectron spectra were calibrated against the known atomic lines of Cu − . In this study, Cu m Cl n anions were generated with a PACIS that has been described in detail elsewhere. 30 In brief, a discharge is triggered between two copper rods serving as anode and cathode, vaporizing sample from the cathode. About 2 bar of ultrahigh purity chlorine gas is back-filled into the discharging region. Then, a 30-40 μs long 150 V pulse is applied to the anode causing a discharge between the electrodes in which chlorine gas partially dissociates (generating a momentarily high concentration of Cl atoms) and copper atoms are vaporized. About 10 bar of helium gas flushes the chlorine-copper plasma mix down a 20 cm flow tube, where it reacts, cools, and forms clusters. The source was operated at 10 Hz repetition rate.
III. RESULTS AND DISCUSSIONS

A. CuCl n (n = 1−5) clusters: Theory
We first discuss our results of a single Cu atom interacting with Cl atoms to see how the geometries and electronic structures evolve with the addition of each Cl atom. The ground state geometries of neutral and anionic CuCl n (n = 1-5) clusters are shown in Figure 1 . The geometries of neutral clusters are similar to their corresponding anions for n = 1 and 2. While the geometries of neutral and anion cluster for n = 3 are slightly different, they differ considerably for n = 4. In neutral CuCl 3 cluster, we found three iso-energetic, nearly identical isomers that differ in the Cl-Cl bond distances ( Fig. 1, 3a-3c ). The lowest energy structure has C 2v symmetry, with a weak interaction between two chlorine atoms ( Fig. 1, 3a ). The bond length between the two chlorine atoms is 2.69 Å, which is 32.5% larger than the Cl-Cl bond length (2.03 Å) in a Cl 2 dimer. A highly symmetric D 3h structure ( Fig. 1, 3b ) in which there is no Cl-Cl interaction is found to be only 0.05 eV higher in energy. The quasimolecular bonding between two Cl atoms in Fig. 1(3a) suggests that Cu is in +II oxidation state while atomic bonding of all Cl atoms in Fig. 1 (3b) suggests that Cu is in +III oxidation state. A third isomer (C 2v symmetry) without any interaction between the halogen atoms as in Fig. 1 (3b) but with singlet spin multiplicity is 0.07 eV higher in energy ( Fig. 1, 3c ). The first two isomers prefer a triplet spin state (2S+1 = 3). The above small energy differences are within the computational uncertainty (∼0.20 eV) of the current level of theory and neutral CuCl 3 can exist in either of these spin states. The ground state geometry of CuCl 3 − cluster has C 2v symmetry with two distinct Cu-Cl bond lengths of 2.21 and 2.19 Å (Fig. 1, 3a ) and prefers a doublet spin state.
In neutral CuCl n clusters with n ≥ 4, two of the halogen atoms form molecule-like structure while the remaining bind atomically to Cu. For example, in the neutral CuCl 4 cluster ( Fig. 1, 4a ) two of the chlorine atoms form a Cl 2 dimer, which in turn binds to the Cu atom. Thus, one can consider neutral CuCl 4 as (CuCl 2 )Cl 2 cluster. The fragmentation analysis of the CuCl n clusters, discussed later, shows Cl 2 and CuCl 2 as the most preferred fragmentation products of CuCl 4 cluster indicating that CuCl 4 is indeed a (CuCl 2 )Cl 2 complex. In the case of anionic CuCl 4 cluster, however, a planar structure ( Fig. 1, 4a ) with all the four halogen atoms binding atomically to the central Cu atom (D 4h symmetry) is found to be lowest in energy. Another planar isomer, in which a weakly bonded Cl 2 interacting with CuCl 2 moiety is found to be 0.19 eV higher in energy ( Fig. 1, 4b ). Since the energy difference between these two isomers is less than the accuracy of our computational method (∼0.2 eV), both these structures are possible for CuCl 4 − cluster. Interestingly, in the case of neutral CuCl 4 cluster, the D 4h symmetric structure is found to be 0.40 eV higher in energy than the ground state structure containing Cl 2 molecule ( Fig. 1, 4b ). The ground state geometries of CuCl 5 and CuCl 5 − clusters can be viewed as (CuCl 3 )Cl 2 and (CuCl 3 − )Cl 2 complexes (Fig. 1, 5a and 5a ), respectively. The anionic CuCl 5 cluster prefers a doublet (2S+1 = 2) spin state, while in the case of neutral CuCl 5 cluster, both singlet and triplet spin multiplicities are found to be energetically very close, with the singlet lower in energy by 0.05 eV. Since CuCl 5 exists as (CuCl 3 )Cl 2 complex, the spin multiplicity scenario discussed in CuCl 3 , i.e., singlet and triplet spin states being close in energy, is also reflected in CuCl 5 cluster. The average bond lengths of the anionic clusters are larger than the neutral clusters for n = 1 and 2 while both species have the same average bond length for n = 3, 4, and 5.
Based on the ground state geometries of neutral and anionic CuCl n clusters, one can conclude that the maximum oxidation state of Cu is +3 in these clusters. Interestingly, in our earlier theoretical work on coinage-metal fluoride clusters, it has been shown that Cu can have a maximum oxidation state of +4. This difference in the oxidation states of Cu atom in these two systems (chloride vs. fluorides) can be understood from the fact that fluorine is more electronegative than chlorine and the metal atoms can reach a higher oxidation state when interacting with fluorine. The thermodynamic stability of the neutral and anionic CuCl n clusters against fragmentation into CuCl n-1 + Cl and CuCl n-2 + Cl 2 units are calculated by the following equations: 
For computation of the fragmentation energies of the anionic clusters, one has to further take into account the possibility that the extra charge can be carried either by Cl or by the Cu-Cl complex. In principle, the preferred fragmentation channel should have the lowest reaction barrier. However, in the absence of such studies, we consider the channel for which E is minimum as the preferred channel. The fragmentation energies associated with the minimum energy channel for each cluster are plotted in Figure 2 (a). Neutral clusters prefer to dissociate into a CuCl n-1 and Cl for n = 1-3. The most preferable fragmentation channel for CuCl n (n = 4 and 5) clusters is CuCl n-2 + Cl 2 . The corresponding fragmentation energies are calculated to be 0.18 eV and 0.27 eV for CuCl 4 and CuCl 5 , respectively. These small fragmentation energies further reinforces the fact that CuCl n (n = 4 and 5) clusters exist as (CuCl n-2 )Cl 2 complexes. In the case of anionic CuCl n clusters, the negative charge resides on the Cl atom for n = 1, while in the cases of CuCl n − (n ≥ 2) clusters the extra charge resides on the CuCl n-1 fragment. For n = 2-3, the most preferred fragmentation channel is found to be CuCl n−1 − + Cl; on the other hand, for n = 4 and 5, fragmentation leading to Cl 2 and CuCl n-2 − is the most preferred channel. This transformation of the preferred fragmentation product from Cl to Cl 2 at n = 4 can be understood from the fact that CuCl 2 − is the most stable cluster in the anionic series (see Fig. 2(a) ) and thus, the CuCl 4 − prefers to dissociate into CuCl 2 − cluster and Cl 2 but not to CuCl 3 − + Cl. The preferred fragmentation path for CuCl 5 − is consistent with the fact that this cluster forms a (CuCl 3 − )Cl 2 complex and thus will fragment into Cl 2 and CuCl 3 − . The fragmentation energy for this channel is calculated to be 0.40 eV. Note that a similar transition in the preferred fragmentation channel was observed in CuF n clusters, 31 where beyond n = 3, fragmentation into CuF n-2 and F 2 was preferred over other channels.
The calculated VDE values of CuCl n − clusters and EA values of CuCl n clusters are given in Table I . The EA of Cl To understand the superhalogen properties we have analyzed the total charge on the Cu and Cl atoms as a function of n for both neutral and anionic CuCl n clusters using natural bond orbital (NBO) analysis. 31 The results are plotted in Fig. 2(b) . In all neutral CuCl n clusters, the total charge on Cu atoms is positive indicating that charge is transferred from Cu to the Cl atoms. In anionic clusters, the extra electron either goes to compensate the positive charge on the Cu atom or is distributed over the Cl atoms. In the case of CuCl − , majority of the electron's charge goes to positively charged Cu and thus results in a low EA. On the other hand, in the case of the CuCl 2 − a large part (74%) of the extra electron's charge is distributed over two Cl atoms. This results in a large EA for CuCl 2 and makes it a superhalogen. In larger CuCl n clusters, addition of an extra electron does not change the charge on the Cu, implying that the electron's charge is again distributed among all the halogen atoms, rather than the positively charged metal center. The delocalization of the electron's charge over the halogen atoms results in the superhalogen behavior of CuCl n (n ≥ 2) clusters. The calculated VDE and EA values (see Table I ) are close to each other for n = 1 and 2 due to the similarity in their ground state geometries while the difference is significant for n = 3, 4, and 5.
Since the lowest energy structures of neutral and negatively charged CuCl 4 cluster are different and there exist two isomers in anion that are close in energy ( E = 0.19 eV), in addition to the EA, we have calculated the adiabatic detachment energy (ADE) and VDE for both the anionic isomers. The ADE value was obtained by calculating the energy difference between the ground state geometry of the anionic cluster and the structurally similar isomer of its neutral counterpart. In cases where the ground state geometries of neutral and anionic clusters are similar, the ADE of the anionic cluster is equal to the EA of the corresponding neutral cluster. In the case of CuCl 4 − , the calculated ADE for the lowest energy isomer (Fig. 1, 4a ) corresponds to 5.22 eV, while the ADE for the higher energy isomer (Fig. 1, 4b ) is calculated to be 4.64 eV. The corresponding VDEs of these two isomers are 5.29 and 5.36 eV, respectively. The EA, the energy differ-ence between the lowest energy anion and neutral isomers, of CuCl 4 cluster is 4.82 eV. On comparing our calculated values with that of the measured values (see Table I ), we conclude that both the isomers (Fig. 1, 4a and 4b ) are contributing towards the PES spectrum.
The superhalogen property of CuCl 2 and CuCl 3 is consistent with the oxidation state of +1 and +2 of the Cu atom. Cu also has been known 32 to have an oxidation state of +3 and hence CuCl 4 is also a superhalogen. But large EA of CuCl 5 cannot be directly connected to the oxidation state of Cu. Since CuCl 5 cluster exists as (CuCl 3 )Cl 2 complex, the large EA (5.64 eV) of this cluster is actually a reflection of the EA of CuCl 3 (5.27 eV) moiety. In CuCl 5 , the oxidation state of Cu is +3 but not +5. Note that a similar scenario was observed in our previously reported work 26 on CuF n clusters. Thus, studying the reaction of a metal atom with halogen atoms and measuring their EAs allow a unique way to characterize the oxidation state of metals.
CuCl n (n = 2-4) clusters: Experiment
To verify our theoretical prediction, we have carried out experimental studies of Cu clusters interacting with chlorine. In Fig. 3 we show the mass spectrum of Cu m Cl n − clusters. In the CuCl n − series (n = 2-6), we see that the peaks of CuCl 2 − and CuCl 3 − are more intense than any other peaks. While both kinetic and thermodynamic effects play important roles in the intensity distribution in the mass spectrum, conspicuous peaks in mass spectra of Na and other clusters have been successively interpreted 33 on the basis of their relative stability. For example, clusters with even number of electrons tend to be more stable than those with odd number of electrons due to shell closing. In a PACIS source, clusters are usually produced as charged species. In this sense, CuCl n − clusters with even number of Cl atoms should be more stable than those with clusters containing odd number of Cl atoms, if the clusters are born as anions. Reverse is the case if they are born neutral. However, the peak intensities of both CuCl 2 − and CuCl 3 − are about the same. We will show in the following that the enhanced stabilities of these anion clusters are due to the superhalogen properties of their neutral counterparts, which allow them to bind an electron with energies much larger than that of the EA of the Cl atom. The small intensity of the CuCl 5 − peak is consistent with our calculated ground state geometry of this cluster and its small fragmentation energy.
To demonstrate the role of superhalogen character of neutral clusters in the stability of their anionic counterparts, we have measured the EA of CuCl n clusters and VDE of their corresponding anionic clusters by anion PES. The former is the energy difference between the ground state of the anion and corresponding neutral while the VDE is the energy difference between the ground state of the anion and it's neutral at the anion ground state energy. When these geometries remain fairly unchanged after the removal of the extra electron, the photoelectron spectrum remains sharp and EA and VDE are very close to each other.
In Figure 4 , we show the photoelectron spectra of CuCl n − (n = 2-4) clusters. The measured EA and VDE are compared with our calculated results in Table I . Note that the agreement is very good and validates not only the theoretical procedure but also the structure of the clusters. Most interesting in these data is of course the large EAs of CuCl n (n = 2−4) clusters.
The prominent peaks in the mass spectrum in Fig. 3 of these clusters can be partly attributed to their thermodynamic stability. Note that the peak intensity of CuCl 2 − is larger than that of CuCl 4 − . This is consistent with the result that the energy gain in adding a Cl to CuCl − cluster is 2.98 eV while that in going from CuCl 3 − to CuCl 4 − is only 1.06 eV. In addition, the near identical EA values of CuCl 2 and CuCl 4 clusters can be due to the fact that the neutral CuCl 2 cluster is in fact a (CuCl 2 )Cl 2 complex and the CuCl 2 unit of this complex is contributing towards the PES spectrum of the CuCl 4 .
Comparison of CuCl n with CuF n
Recently, a systematic theoretical study 26 of the EAs of CuF n clusters was reported. Although no experimental studies on this system have been carried out, it is interesting to compare the structure and EAs of the two systems as both F and Cl are halogen atoms. We note that in CuF n − or CuCl n − clusters up to four F or Cl atoms can be bound directly to the Cu atom. In CuF 5 − cluster, four of the F atoms can be bound to Cu atom directly while only three of Cl atoms are bound to Cu atom in CuCl 5 − cluster. The main reason for this differing behavior is that the binding energy of Cl 2 molecule, namely 2.28 eV, is larger than the binding energy of F 2 , namely, 1.52 eV. The equilibrium geometries of CuF n and CuCl n clusters are also different. In neutral CuF n clusters, F atoms are atomically bound to Cu for n ≤ 4 while two of the F atoms are bound molecularly in CuF 5 . In contrast, in CuCl n clusters up to only three Cl atoms are bound atomically to the Cu. The fourth Cl atom in neutral CuCl 4 is interacting with one of the Cl atoms rather than the Cu atom. Geometry of CuCl 5 is similar to the CuF 5 cluster. We also note that the EAs of CuF n are 1.59, 3.79, 5.86, 6.91, and 6.87 for n = 1, 2, 3, 4, and 5, respectively. These are larger than those shown in Table I for the corresponding CuCl n system.
B. Cu 2 Cl n (n = 2-5) clusters
In addition to the CuCl n peaks in the mass spectrum in Fig. 3 , we also see peaks for Cu 2 Cl 3 − and Cu 2 Cl 4 − clusters. To understand the stability of these clusters we have measured the photoelectron spectra which are shown in Figure 5 . We note that the ADE and VDE of these clusters are also large and they too belong to the superhalogen series. However, unlike the conventional superhalogens discussed above that have only one metal atom at the core, the above superhalogens have two Cu atoms. It is relevant to mention that similar superhalogens consisting of multiple metal atoms have been 17, [36] [37] [38] To understand the origin of the superhalogen behavior of these multi-metal clusters, we note that Cu m Cl m+1 can be written as (CuCl) m Cl. Here, Cu exists in the oxidation state of +1. Thus, Cu m Cl m+1 clusters behave as a superhalogen, but the core is replaced by CuCl instead of just the Cu atom. Cu has an oxidation state of +1 in Cu 2 Cl 3 cluster which can be written as (CuCl) 2 Cl. If Cu were to have an oxidation state of +2 in Cu m Cl n clusters, (CuCl 2 ) 2 Cl should behave as a superhalogen and hence should be stable. Note that a similar behavior has been observed in Mn 2 Cl 5 (Ref. 30) and theoretically predicted for Mg 2 F 5 (Ref. 12) cluster. There is a significant peak for Cu 2 Cl 5 − which confirms the possibility of +2 oxidation state of Cu.
The ground state and higher energy geometries of neutral and negatively charged Cu 2 Cl n (n = 2-5) clusters are given in Figure 6 . The ground state geometries of neutral and anionic Cu 2 Cl 2 cluster are different. The neutral Cu 2 Cl 2 cluster forms a rhombus structure (C 2v symmetry) with Cu-Cl bond lengths of 2.28 Å and Cu-Cu bond length 2.43 Å (Fig. 6, a) . The ground state geometry of Cu 2 Cl 2 − cluster, on the other hand, is a bent open structure with C s symmetry (Fig. 6, a ) . In this geometry, there are no metal-metal bonds and can be derived from the CuCl 2 cluster (Fig. 1, 2a) with the second Cu atom binding to one of the halogen atoms. Interestingly, the rhombus structure, which is the ground state in neutral, is 0.89 eV higher in energy than the bent structure. The change in the ground state geometry from a rhombus structure in neutral to a bent structure in anion can be understood from the MO analysis. The LUMO of the neutral Cu 2 Cl 2 cluster is twofold degenerate, the addition of an electron to LUMO results in distortion of the structure (breaking of Cu-Cu and Cu-Cl bonds); thereby lifting the symmetry.
We now turn to neutral and anionic Cu 2 Cl 3 cluster. The lowest energy geometry (Cs symmetry) of neutral Cu 2 Cl 3 cluster can be seen as an extension of neutral Cu 2 Cl 2 cluster, where the third Cl atom binds to one of the Cu atoms of the rhombus (Fig. 6, b 1 ). The addition of this halogen atom caused the breaking of Cu-Cu bond and weakening the two existing Cu-Cl bonds (10% elongation); thereby resulting in a threefold coordination for one of the metal atoms. Another planar isomer (C 2v symmetry) in which both the Cu atoms are twofold coordinated is found to be 0.03 eV higher in energy ( Fig. 6, b 2 ). Most importantly, this isomer can be derived from the ground state geometry of Cu 2 Cl 2 − cluster. Interestingly, the structural configuration corresponding to the lowest energy geometry of neutral Cu 2 Cl 3 cluster is not even a minimum on the potential energy surface of the Cu 2 Cl 3 − cluster. The ground state geometry ( Fig. 6, b ) of Cu 2 Cl 3 − corresponds to a bent structure (C 2v symmetry), similar to that of the higher energy isomer of neutral Cu 2 Cl 3 . A comparison of the NBO charge distributions in the ground state Cu 2 Cl 3 − cluster ( Fig. 6, b ) and the structurally similar Cu 2 Cl 3 (Fig. 6,  b 2 ) shows that the extra-electron in the anionic cluster is delocalized over the entire cluster, with 40% distributed over the metal atoms, while the rest 60% over the halogen atoms. Thus, the delocalization of the electron on the entire cluster, as opposed to the positively charged Cu atoms results in the superhalogen behavior of Cu 2 Cl 3 cluster, which is discussed in detail below. The ground state geometries of neutral and negatively charged Cu 2 Cl 4 cluster (Fig. 6 , c and c ) can be derived from the lowest energy isomer of Cu 2 Cl 3 (Fig. 6 , b 1 ), where the fourth chlorine binds to the low coordinated Cu atom. Cu 2 Cl 5 cluster can be considered as an extension of Cu 2 Cl 4 , where the fifth chlorine atom binds to one of the Cu atoms, making it fourfold coordinated, while the other Cu atom has a threefold coordination. The neutral and anionic Cu 2 Cl 5 clusters are similar to each other (Fig. 6, d and d ) .
To understand the stability of the Cu 2 Cl n − (n = 2-5) clusters, we have calculated the fragmentation energies of these clusters via different fragmentation channels. Our calculations show that the most preferred channel has CuCl 2 − clusters as the end product. This is because of the high stability of CuCl 2 − cluster. In Fig. 7 , we show the fragmentation channels with the required energies for fragmentation. The energy required to dissociate Cu 2 Cl 2 − cluster is much less than that of Cu 2 Cl 3 − or Cu 2 Cl 4 − or Cu 2 Cl 5 − cluster. This further explains the observed peaks of Cu 2 Cl 3 − and Cu 2 Cl 4 − clusters in the mass spectra along with Cu 2 Cl 5 − cluster as shown in Fig. 3 .
The calculated EA values of Cu 2 Cl n and VDE values of Cu 2 Cl n − (n = 2-5) clusters are given in Table I . The EA of Cu 2 Cl 2 is expected to be small. This is because two Cu atoms donate two electrons to complete the p-shell of the
